In the present study, we aimed at characterizing the effect of prochloraz, an imidazole fungicide, on the oocyte meiotic maturation process in a freshwater teleost species, the rainbow trout (Oncorhynchus mykiss). Full-grown post-vitellogenic ovarian follicles were incubated in vitro with prochloraz, Luteinizing Hormone (LH), or a combination of prochloraz and LH. The occurrence of oocyte maturation was assessed by monitoring germinal vesicle breakdown (GVBD) after 62-h in vitro incubation. Experiments were repeated in presence of actinomycin D, cycloheximide, or trilostane. The effect of prochloraz on the production of 17,20b-dihydroxy-4-pregnen-3-one (17,20bP), the natural maturation-inducing steroid, was quantified by radioimmunoassay. In addition, the effect of prochloraz on ovarian expression of 12 genes was monitored by real-time PCR. Prochloraz (10 25 M) administered alone was able to induce 100% GVBD in the most responsive females. The occurrence of GVBD observed after prochloraz stimulation of follicles originating from various females was similar and highly correlated with the occurrence of GVBD observed after stimulation with low LH concentration. In addition, oocyte maturation induced by LH or prochloraz was totally inhibited by actinomycin D, cycloheximide, and trilostane. Similarly to LH, prochloraz was able to trigger 17,20bP production by the ovarian follicle. Finally, prochloraz induced the overexpression of genes participating in 17,20bP production, intercellular communication, and paracrine control of preovulatory follicular differentiation such as igf, igf2, connexin 43, and 20b hydroxysteroid dehydrogenase (hsbd20). Together, our results demonstrate that prochloraz administered alone is able to trigger oocyte maturation through the induction of specific genes, some of them being also triggered by LH. Finally, our results clearly indicate that the effects of prochloraz and LH on oocyte maturation are synergistic.
In fish, the follicle-enclosed oocyte undergoes meiotic resumption after completion of the vitellogenic process. This event, known as oocyte maturation or meiotic maturation, is a critical step in the oogenetic process and occurs prior to ovulation. Oocyte maturation occurs within the ovarian follicle and is triggered by a progestin known as maturation-inducing steroid (MIS). The MIS is produced by follicular layers in response to Luteinizing Hormone (LH) stimulation. In rainbow trout (Oncorhynchus mykiss), 17,20b-dihydroxy-4-pregnen-3-one (17,20bP ) is the MIS (Fostier et al., 1973 (Fostier et al., , 1981a Nagahama and Adachi, 1985) . Very few studies have dealt with the impact of xenobiotics on oocyte maturation in fish (Carnevali et al., 2010; Tokumoto et al., 2004) and mammals (Pocar et al., 2001) . We previously reported preliminary evidence suggesting that imidazole and triazole fungicides could induce rainbow trout oocyte maturation (Monod et al., 2004) . 4, ethyl]imidazole-1-carboxamide) is a sterol biosynthesis inhibitor fungicide belonging to the class of imidazoles. It is a widely used agricultural fungicide with multiple mechanisms of action including interaction with cytochrome P450s and related monooxygenases (Ankley et al., 2009; Cravedi et al., 2001; Vinggaard et al., 2006) . It is well known that prochloraz antagonizes both androgen and estrogen receptors and agonizes the aryl hydrocarbon receptor (Ahr). Prochloraz is also able to inhibit aromatase activity and thus ovarian estradiol production in fish (Hinfray et al., 2006; Monod et al., 1993) and other vertebrates (Vinggaard et al., 2006) . However, its ability to induce oocyte maturation was previously unsuspected in fish or any other vertebrates.
Based on preliminary evidence (Monod et al., 2004) obtained in trout and existing literature on the effects of prochloraz on P450s activity, we hypothesized that prochloraz could have an effect on follicle-enclosed oocyte maturation through an endocrine/paracrine mechanism involving 17,20bP synthesis. The first objective of our study was to confirm and thoroughly characterize the effects of prochloraz on 17,20bP production and oocyte maturation. The second objective was to decipher the molecular mechanisms involved in the induction of oocyte maturation by prochloraz. To achieve these two objectives, we aimed at (1) characterizing the effects of prochloraz on oocyte maturation and 17,20bP production, (2) identifying prochlorazinduced events requiring RNA, protein, or steroid synthesis, and (3) performing a gene expression study in order to characterize the molecular events associated with prochloraz-induced oocyte maturation. Target genes were thus selected among genes involved in rainbow trout oocyte maturation or post-vitellogenic follicular differentiation (Bobe et al., , 2009 .
The Insulin-like Growth Factor system appears to play a paracrine role during maturational competence acquisition and oocyte maturation in several fish species (Kagawa et al., 1994a; Sullivan, 2000, 2005) . In rainbow trout, both igf1 and igf2 messenger RNA (mRNA) expression progressively increases during oocyte maturation (Bobe et al., 2003) . Similarly, connexin 43 (cx43) is upregulated during the preovulatory period . Those three genes were therefore included in the present gene expression survey. In order to account for steroidogenic events occurring in the follicular layers, the expression profiles of the steroidogenic enzymes 20b hydroxysteroid dehydrogenase (hsbd20), 3b hydroxysteroid dehydrogenase (hsbd3), and aromatase (cyp19a1a) were analyzed in the present survey. The membrane-associated progestin receptors mprb and pgmrc1 that may be involved in MIS action (Mourot et al., 2006; Thomas, 2008) were also incorporated in the present survey. Finally, the ovarian expression patterns of genes involved in phase 1 of xenobiotics biotransformation (Finn, 2007) such as aryl hydrocarbon receptors (ahra and ahrb) and inducible cytochrome P450 monooxygenases (cyp1a and cyp3a) were monitored.
In the present study, we demonstrate that prochloraz can trigger oocyte maturation in rainbow trout. Prochloraz-induced oocyte maturation requires RNA, protein, and steroid synthesis. In addition, we show that prochloraz triggers 17,20bP production by the ovarian follicle. At the molecular level, we show that prochloraz induces the over expression of several genes involved in cellular communication and steroid synthesis including hsbd20, an enzyme required for 17,20bP synthesis from 17-hydroxy-progesterone. It should also be stressed that some of these genes, but not all, are also induced by LH. Finally, functional and molecular data clearly indicate that prochloraz and LH act in a synergistic manner on oocyte maturation.
MATERIALS AND METHODS
Ethics statement. Investigations were conducted according to the guiding principles for the use and care of laboratory animals and in compliance with French and European regulations on animal welfare.
Animal and tissue collection. Rainbow trout (O. mykiss) from an autumnspawning strain were obtained from an INRA experimental fish farm (PEIMA, Sizun, France)~1 month before spawning. Female rainbow trout exhibit a group synchronous follicular development leading to the production of gametes once a year, in the fall. Fish were held during spawning season in a recirculated water system, at 12°C, under natural photoperiod (Rennes, France) until tissue collection. Full-grown ovarian follicles (diameter %4 mm) were sampled at post-vitellogenic stage, before the resumption of the meiotic process at the peripheral germinal vesicle stage (Jalabert and Fostier, 1984a) . For tissue collection, trout were deeply anesthetized in 2-phenoxyethanol (10 ml/l of water), killed by a blow on the head, and bled by gill arch section. Ovaries were then dissected out of the body cavity under sterile conditions.
In vitro oocyte maturation. Full-grown post-vitellogenic ovarian follicles were isolated and incubated in vitro as previously described . Briefly, 25 follicles originating from the same ovary were incubated in 3 ml of IM8/300 mineral medium in six-well culture plates. Groups of follicles were incubated in the presence of LH-rich partially purified gonadotropin (PPG) at two different concentrations, 47 ng/ml or 750 ng/ml (Bobe et al., 2003 , or in the presence of prochloraz at a final concentration of 10 À5 M.
A combination of 47 ng/ml PPG and prochloraz at a final concentration of 10
À5
, 10
À6
, or 10 À7 M was also used. For all studied concentrations, prochloraz was dissolved in 15 ll acetone and added into the culture medium. PPG was obtained, as previously described (Govoroun et al., 1997) , from an affinity chromatography on a concanavalin A sepharose of a pool of salmon pituitaries sampled during spawning season. This gonadotropin fraction was previously used, and the concentration of 750 ng/ml was able to induce 100% in vitro oocyte maturation in most females assayed, including poorly responsive females (Bobe et al., 2003 . Similarly, a concentration of 47 ng/ml PPG could be considered as sufficient to successfully induce oocyte maturation of the most responsive females but insufficient to induce GVBD in poorly responsive females (Bobe et al., 2003 . After 18-h incubation, follicles were removed and processed for RNA extraction. For each treatment, three wells (¼ 3 3 25 follicles) were used for RNA extraction from deyolked follicles. Follicles were deyolked as previously described by firmly pressing the tissue between two mesh screens, whereas ice-cold IM8/300 mineral medium was continuously applied with a squirt bottle (Hajnik et al., 1998) . Total RNA extracted from deyolked follicles includes the RNA present in follicular walls (granulosa and thecal cells) and in remaining adjacent ovarian tissue that putatively contains gonial cells, previtellogenic follicles, and connective tissue. Deyolked ovarian tissue was subsequently frozen in liquid nitrogen and stored at À80°C until RNA extraction. In addition, four wells were used to assess GVBD occurrence. Two wells were used for GVBD scoring at 42 h, whereas the two remaining wells were used for GVBD scoring at 62 h.
In another experiment, the effect of LH and/or prochloraz on GVBD was assessed after a 62-h incubation in the presence of actinomycin D (20lM final concentration, mRNA synthesis inhibitor), cycloheximide (100lM final concentration, protein synthesis inhibitor), or trilostane (20lM final concentration) added in 15 ll acetone. Trilostane is known to inhibit 3b hydroxysteroid dehydrogenase and thus D4-steroid synthesis (Villeneuve et al., 2008) .
RNA extraction and reverse transcription. RNA extraction and reverse transcription were performed as previously described with minor modifications . Briefly, deyolked ovarian tissue was homogenized in Trizol reagent (Invitrogen, Cergy Pontoise, France) at a ratio of 100 mg/ml of reagent. Total RNA was extracted using the Trizol procedure and resuspended in water. Three micrograms of total RNA were reverse transcribed using 200 U of Moloney murine leukemia virus reverse transcriptase (Promega) and 1.25 lg random hexamers (Promega) according to the manufacturer's instructions. RNA and triphosphate desoxynucléotides (dNTPs) were denatured for 6 min at 70°C and chilled on ice for 5 min before the reverse transcription (RT) master mix was added. Reverse transcription was performed at 37°C for 1 h and 15 min followed by a 15-min incubation step at 70°C. Control reactions were run without reverse transcriptase and used as negative real-time PCR controls.
Real-time PCR. Real-time PCR (QPCR) was performed using an I-Cycler IQ (Biorad, Hercules, CA) as previously described . Reverse transcription products were diluted to 1/25 and 5 ll were used for each realtime PCR. Triplicates were run for each RT product. Real-time PCR was performed using a real-time PCR kit provided with a SYBR Green fluorophore (Eurogentec, Belgium) according to the manufacturer's instructions and using 600nM of each primer. After a 2-min incubation step at 50°C and a 10-min incubation step at 95°C, the amplification was performed using the following cycles: 95°C, 20 s; 60°C or 62°C, 1 min, 40 times. The relative abundance of target complementary DNA (cDNA) within sample set was calculated from a serially diluted (standard curve) ovarian cDNA pool using the I-Cycler IQ 62 RIME ET AL.
software. Before analysis, real-time PCR data were normalized using 18S transcript abundance in the samples Kamangar et al., 2006; Mourot et al., 2006) . After amplification, a fusion curve was obtained using the following protocol: 10 s holding followed by a 0.5°C increase, repeated 80 times, and starting at 55°C. Primer sequences are shown in Table 1 . Control RT reactions run without reverse transcriptase were used as negative real-time PCR controls to detect any genomic DNA contamination.
Steroid extraction and radioimmunoassay. Incubation medium were collected after in vitro oocyte maturation. Steroids were extracted from incubation medium using cyclohexane:ethyl acetate (50:50) and the organic phase evaporated under air. Radioimmunoassay of 17,20beta-dihydroxy-4-pregnen-3-one was performed as previously described (Fostier and Jalabert, 1986) .
RESULTS

Induction of GVBD
No GVBD could be detected in controls or when follicles were stimulated with 10 À6 or 10 À7 M prochloraz alone for 42 or 62 h (data not shown; Figs. 1 and 2). Similarly, no effect could be detected after a 42-h incubation with either 10 À5 M prochloraz or 47 ng/ml PPG. However, 50 and 40% GVBD at 62 h were observed for 10 À5 M prochloraz and 47 ng/ml PPG treatments, respectively. When used in combination, 10 À5 M prochloraz and 47 ng/ml PPG treatments induced significantly higher rates of GVBD, after both 48 and 62 h (i.e. 90 and 100%, respectively), than using each compound alone (Fig. 1) . This combination resulted in GVBD scores at 62 h similar to those obtained for a high dose of PPG (i.e. 95% GVBD after 750 ng/ml PPG treatment).
Furthermore, the maturational response increased when increasing concentrations of prochloraz were combined with the lowest dose of PPG (47 ng/ml). Thus, a combination of 10 À7 M prochloraz and 47 ng/ml of PPG induced the same response than PPG alone after both 48 h (0% GVBD for both treatments) and 62 h (30 and 40%, respectively) incubation. In contrast, a combination of 10 À6 M prochloraz and 47 ng/ml PPG resulted in 55 and 82% GVBD after 48-and 62-h incubation, respectively. Finally, as mentioned above, 10 À5 M prochloraz and 47 ng/ml PPG induced 90 and 100% GVBD after 48-and 62-h incubation, respectively. Using 10 fish, the maturational response of ovarian follicles originating from each individual female to either 10 À5 M prochloraz or 47 ng/ml PPG was compared. At 62 h, a strong and significant correlation (r ¼ 0.819) was observed between GVBD occurrence after prochloraz 10 À5 M treatment and GVBD occurrence after 47 ng/ml PPG treatment (Fig. 2) .
Action of Transcription, Translation and D4-Steroid
Synthesis Inhibitors on GVBD Occurrence Incubation of follicles in presence of actinomycin D, cycloheximide, or trilostane resulted in a total inhibition of PPG-and prochloraz-induced oocyte maturation (Fig. 3) . Similar results were observed when a combination of PPG (47 ng/ml) and prochloraz (10 À5 M) was used (Fig. 3) . 
GVBD scoring (%) after 42-and 62-h in vitro incubation in presence of various combinations of PPG and prochloraz (PC). For each treatment, the number of replicates (n) used is indicated. One replicate correspond to 50 individual follicles originating from a single post-vitellogenic female. For a specific treatment, replicates were obtained from different fish. Different letters indicate significant differences between treatments at p < 0.05 (Non-parametric Mann-Whitney U-test).
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In vitro Release of Maturation-Inducing Steroid from Ovarian Follicles After a 62-h incubation, 17,20bP concentration was lower than the assay detection limit in the control, whereas 47 and 750 ng/ml PPG treatments induced 17,20bP release in the culture medium resulting in concentrations of 10 and 90 ng/ml, respectively (Fig. 4) . Prochloraz treatment alone induced 17,20bP release only at a concentration of 10 À5 M, resulting in a 17,20bP concentration of 2 ng/ml in the incubation medium. In contrast, a combination of 10 À6 M prochloraz and 47 ng/ml PPG resulted in a 17,20bP concentration that was significantly higher than in the 47 ng/ml PPG treatment alone. Furthermore, a combination of 10 À5 M prochloraz and PPG 47 ng/ml resulted in a 17,20bP concentration of 68 ng/ml in the incubation medium which was not significantly different than the concentration observed after a 750 ng/ml PPG treatment administered alone.
Gene Expression Survey
Igfs and connexin 43. Igf1 and igf2 were upregulated after PPG and prochloraz stimulation (Fig. 5) . However, this increase was not significant for igf1 after stimulation with 750 ng/ml PPG (Fig. 5) . Similarly, the increase in igf1 and igf2 after stimulation by a combination of prochloraz and 47 ng/ml PPG was variable and not significant. In contrast, all treatments induced a strong upregulation of cx43 mRNA levels; the highest levels being measured after stimulation by a combination of prochloraz and PPG.
Steroidogenic enzymes. The mRNA levels of steroidogenic enzymes were also affected by prochloraz and PPG stimulation. The mRNA levels of hsbd3 were increased after PPG stimulation but not after prochloraz stimulation (Fig. 6) . However, stimulation by a combination of PPG and prochloraz resulted in a limited but significant increase of hsbd3 mRNA levels. Similarly, the mRNA levels of hsbd20 were increased after prochloraz but not after PPG stimulation, whereas a combination of both treatments induced a significant upregulation of the transcript (Fig. 6 ). Finally, a limited upregulation of cyp19a1 mRNA levels was observed after a 47 ng/ml PPG stimulation, whereas a downregulation was observed when follicles were stimulated with a combination of prochloraz and PPG (Fig. 6 ).
Membrane-bound progestin receptors. The mRNA levels of mprb were not affected by PPG or prochloraz when administered alone. However, a combination of prochloraz and PPG resulted in a significant upregulation of mprb mRNA levels (Fig. 7) . In contrast, pgmrc1 mRNA levels were significantly upregulated by PPG and prochloraz, alone or in 
FIG. 4.
Concentration (mean ± SEM) of 17,20b-dihydroxy-4-pregnen-3-one in culture medium after 62-h in vitro incubation with various combinations of PPG and prochloraz. Different letters indicate significant differences between treatments at p < 0.05 (Non-parametric Mann-Whitney U-test). The number of replicates used is indicated above each bar. Replicates of incubation medium originate from different post-vitellogenic females. 64 combination; the highest increase being observed when a combination of prochloraz and PPG was used (Fig. 7) .
Other genes. The mRNA levels of ahra were not affected by PPG or prochloraz when administered alone. However, a combination of prochloraz and PPG resulted in a significant upregulation of ahra (Fig. 8) . In contrast, in vitro stimulation by 47 ng/ml gonadotropin, 10 À5 M prochloraz, and a combination of both treatments resulted in a significant upregulation of ahrb (Fig. 8) . Both cyp1a and cyp3a were significantly upregulated by prochloraz when administered alone or in combination with PPG (Fig. 8) .
DISCUSSION
In the present study, we showed that prochloraz alone is able to induce oocyte maturation in rainbow trout. We also clearly demonstrated that this LH-like effect requires 17,20bP production by the ovarian follicle. These observations confirm preliminary results obtained in our laboratory on the induction of rainbow trout oocyte maturation by several fungicides, including prochloraz (Monod et al., 2004) . To our knowledge, our results demonstrate for the first time in fish or any other animal species that prochloraz administered alone is able to induce oocyte maturation. In addition, our observations made on a large number of different fish clearly show that the effects of prochloraz and LH on oocyte maturation are synergistic. Even though prochloraz concentrations used here to trigger in vitro oocyte maturation are higher than concentrations found in the wild (Kahle et al., 2008; Kreuger, 1998) , it should be stressed that prochloraz accumulates in sediments (Kronvang et al., 2003) , thus possibly resulting in locally high concentration of the molecule in the wild. In addition, a chronic exposure could result in high tissue concentrations (Cravedi et al., 2001) . Given the lipophilic nature of prochloraz, this is especially true in vitellogenic oocytes that contain lipidic stores. In the light of those observations, our results suggest that prochloraz could have a significant impact on fish M prochloraz), RNA was extracted from 25 follicles originating from the same ovary. The same experiment was repeated using three different females. The transcript abundance (mean ± SEM) of each transcript was determined by real-time PCR and normalized to the abundance of 18S. Abundance was arbitrarily set to 1 for controls. RNA levels significantly (nonparametric paired Wilcoxon signed rank test) different from control at p < 0.05 are indicated (*). 6 . In vitro regulation of hsbd3, hsbd20, and cyp19a1 mRNA abundance in deyolked full-grown ovarian follicles after 18-h incubation. For each treatment (C ¼ Control; G47, G750 ¼ PPG, 47 or 750 ng/ml; PC ¼ 10 À5 M prochloraz; G47 þ PC ¼ combination of PPG at 47 ng/ml and 10 À5 M prochloraz), RNA was extracted from 25 follicles originating from the same ovary. The same experiment was repeated using three different females. The transcript abundance (mean ± SEM) of each transcript was determined by real-time PCR and normalized to the abundance of 18S. Abundance was arbitrarily set to 1 for controls. RNA levels significantly (nonparametric paired Wilcoxon signed rank test) different from control at p < 0.05 are indicated (*).
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reproductive success in the wild. This putative environmental impact of prochloraz deserves further investigations. Interestingly, we observed that the maturational responses observed in each individual female for either prochloraz or LH were correlated. Thus, the follicular maturational competence acquisition that naturally occurs during post-vitellogenesis also corresponds to an increase of follicular responsiveness to prochloraz. Our observations also show that prochlorazinduced oocyte maturation requires RNA, protein, and steroid synthesis. It was previously shown in several fish species, including rainbow trout, that LH-induced oocyte maturation required both RNA and protein synthesis (Jalabert, 1976; Kagawa et al., 1994b) . In contrast, induction of oocyte maturation by the maturation-inducing steroid requires protein but not RNA synthesis (Jalabert, 1976; Kagawa et al., 1994b) . Together, our observations strongly suggest that, similarly to LH, prochloraz acts on the follicular layers to induce specific follicular gene expression. In addition, we showed that prochloraz triggered production of 17,20bP by the ovarian follicle. Similarly, the induction of oocyte maturation by LH resulted, in agreement with existing data, in a high concentration of 17,20bP, the natural maturation-inducing steroid, in culture medium. Interestingly, the co-stimulation of follicles by prochloraz and LH resulted in much higher 17,20bP concentrations than each separate treatment administered alone. Together, these observations strongly suggest that prochloraz triggers 17,20bP production, which, in turn, induces oocyte maturation.
In our study, a clear effect of prochloraz was observed on the mRNA expression of hsbd20, one of the key enzyme responsible for the production of 17,20bP by follicular layers. Prochloraz induced a limited but significant upregulation of hsbd20 when administered alone or in combination with LH.
Interestingly, the overexpression of hsbd20 by LH was not statistically significant in agreement with the expression profile of hsbd20 during final oocyte maturation . In contrast, LH, but not prochloraz, induced a clear upregulation of hsbd3, the enzyme necessary for D4-steroid biosynthesis. Furthermore, prochloraz has been shown to stimulate ovarian cyp17 coding for 17-hydroxylase, the enzyme that produces substrates for 20b hydroxysteroid dehydrogenase in medaka (Zhang et al., 2008) . Prochloraz also has a moderate but stimulatory effect on the expression of the membrane-bound progestin receptors mprb and pgmrc1 that would facilitate 17,20bP action on the oocyte. Interestingly, no induction membrane-bound progestin receptors mRNA expression was observed after LH stimulation, in agreement with existing in vitro and in vivo data (Mourot et al., 2006) . Together, these observations are consistent with the synergistic rather than additive effect of prochloraz and LH on 17,20bP production by the follicular layers.
Prochloraz also shows a stimulatory effect on igf1 and igf2 gene expression in the ovary. Interestingly, prochloraz has also G47 þ PC ¼ combination of PPG at 47 ng/ml and 10 À5 M prochloraz), RNA was extracted from 25 follicles originating from the same ovary. The same experiment was repeated using three different females. The transcript abundance (mean ± SEM) of each transcript was determined by real-time PCR and normalized to the abundance of 18S. Abundance was arbitrarily set to 1 for controls. RNA levels significantly (nonparametric paired Wilcoxon signed rank test) different from control at p < 0.05 are indicated (*). 66 been shown to increase Igf1 binding by trout testicular cells (Le Gac et al., 2001) . It was previously reported in rainbow trout that in vivo final oocyte maturation was associated with a progressive increase of both igf1 and igf2 ovarian mRNA levels throughout the preovulatory period (Bobe et al., 2003 . The stimulatory effect of LH and prochloraz on the ovarian expression of those growth factors is therefore in total agreement with the natural sequence of preovulatory follicular differentiation observed in vivo. Similarly, prochloraz induced a marked overexpression of cx43 mRNA in the ovarian follicle. It is known that connexins are involved in the formation of intercellular communications necessary for the completion of intrafollicular oocyte maturation in fish (Bruzzone et al., 1995; Yoshizaki et al., 1994) . In rainbow trout, ovarian cx43 mRNA levels are strongly increased during oocyte maturation . Together, these observations suggest that the upregulation of cx43 induced by both prochloraz and LH is consistent with the natural gene expression profile of cx43 in the rainbow trout ovary. It is also noteworthy that the highest cx43 overexpression was observed after co-stimulation of the follicles by prochloraz and LH. This could, in part, explain the synergistic rather than additive effect of prochloraz and LH on GVBD induction. In addition to its positive action on igf and connexin gene expression, prochloraz is also able to affect the gene expression of steroidogenic enzymes, as discussed above.
The aryl hydrocarbon receptor (ahr) is a transcription factor, which is well conserved in invertebrates and vertebrates (Zhou et al., 2010) . It is known to be activated after binding to drugs and to subsequently regulate the transcription of drug-metabolizing P450-dependent enzymes, such as cyp1a and cyp3a, through their consensus xenobiotic responsive enhancer elements. Two genes, ahr1 and ahr2, have been found in fish, with at least two forms, a and b, for each of them (Hansson et al., 2004; Karchner et al., 1999; Yamauchi et al., 2005) . Both genes have been found to be expressed in fish ovary (Karchner et al., 1999; Yamauchi et al., 2005) although ahr1 is primarily expressed in brain, heart, ovary, and testis (Zhou et al., 2010) . However, to our knowledge, only ahr2 has been characterized in rainbow trout (Hansson et al., 2004) , whereas cyp1a has been found to be expressed in fish ovary (Weber and Janz, 2001; Weber et al., 2002) . It was previously observed in a rainbow trout cell line that prochloraz could enhance cyp1a mRNA expression (Babin et al., 2005) . In addition, RT-PCR experiments showed that cyp1a1 was constitutively expressed in RTG2 cell line a gonad-derived cell line (Cao et al., 2000) . In rainbow trout, 2 cyp1a genes (cyp1a1 and cyp1a2) were originally identified (Berndtson and Chen, 1994) and renamed cyp1a3 and cyp1a1, respectively, by the P450 nomenclature committee. Those two genes share 96% identity at the amino acid levels and were both amplified by our primers. Similarly to cyp1a genes, little is know about the expression of cyp3a in the fish ovary. In rainbow trout, Northern blot analysis showed a strong expression of cyp3a in the ovary (Lee et al., 1998) . In killifish (Fundulus heteroclitus), Cyp3a immunoreactivity was observed in ovarian follicles (Hegelund and Celander, 2003) using an antibody directed against rainbow trout Cyp3a. In the present study, prochloraz alone or in combination with LH induced a significant upregulation of cyp1a and cyp3a genes in the ovary. Altogether, these observations show that molecular actors of xenobiotics biotransformation are constitutively expressed in the post-vitellogenic trout ovary and can be induced by prochloraz. Consequently, a participation of prochloraz metabolites in oocyte maturation cannot be ruled out. Together, the expression patterns of cyp1a and cyp3a genes in the trout follicles in response to prochloraz stimulation are consistent with existing studies on cyp1a and cyp3a gene expression in fish.
Prochloraz is an imidazole fungicide with multiple mechanisms of action. Procloraz is able to modulate the activity of other P450-dependent enzymes such as aromatase (CYP19A) in mammals (Mason et al., 1987; Vinggaard et al., 2000) and fish (Ankley et al., 2005; Babin et al., 2005; Hinfray et al., 2006; Monod et al., 1993; Zhang et al., 2008; Villeneuve et al., 2007) . Interestingly, two xenobiotics responsive enhancer sequences have been identified in the promoter region of the ovarian form of a fish aromatase (Tchoudakova et al., 2001) . In addition to its modulatory effect on cytochrome P450-dependent enzymes, prochloraz may also act as an androgen receptor and an estrogen receptor antagonist Ankley et al., 2005; Vinggaard et al., 1999 Vinggaard et al., , 2002 . However, the oocyte maturation-inducing effect of prochloraz reported here was previously unsuspected. In rainbow trout, a decrease of both aromatase gene expression and enzyme activity is observed during final oocyte maturation (Gohin et al., 2010; Tanaka et al., 1992) . In turn, E2 circulating levels also decrease during post-vitellogenesis and oocyte maturation (Bobe et al., 2003; Fostier and Jalabert, 1986) . It was also shown that E2 inhibits LH-induced 17,20bP production by the follicle (Jalabert and Fostier, 1984b) and LH-induced intrafollicular oocyte maturation (Jalabert, 1975) . It is thus possible that prochloraz participates in follicle-enclosed oocyte maturational competence acquisition through the modulation of E2 production by the full-grown ovarian follicle. Such an action would be consistent with the inducing effect of prochloraz on oocyte maturation reported in the present study. However, molecular data presented here clearly indicate that this putative effect of prochloraz on E2 production, if confirmed, would not be the only mechanism triggering oocyte maturation. Indeed, our observations suggest that prochloraz alone does not downregulate cyp19a1a mRNA expression in the follicle. Considering the relatively limited effects of prochloraz on ahr and P450-dependent enzymes expression reported here, our data suggest an alternative hypothesis. Such a hypothesis would not only involve a ''classical'' xenobiotic action but also a positive effect of prochloraz on LH signal transduction. This would be consistent with the maturational activity of prochloraz administered alone at high concentration and the synergistic effect observed when lower doses of prochloraz were administered with LH.
CONCLUSION
In the present study, we clearly demonstrated that prochloraz administered alone or in combination with LH was able to induce follicle-enclosed oocyte maturation. We also demonstrated that the effects of LH and prochloraz on oocyte maturation were synergistic and not additive. Similarly to LH, prochloraz triggers the production of maturation-inducing steroid (17,20bP) by the full-grown ovarian follicle. Prochloraz was able to induce specific genes participating in 17,20bP production, intercellular communication, and paracrine control of preovulatory follicular differentiation; some of them, but not all, being also triggered by LH. While prochloraz is a widely used imidazole fungicide with multiple mechanism of action, this effect on oocyte maturation was previously uncharacterized and is reported here for the first time in an animal species. Given the clear effect of prochloraz on oocyte maturation and the wide use of this molecule in agriculture, further studies are needed to evaluate the in vitro an in vivo impact of this molecule on reproduction and embryo development in various species to allow the environmental risk assessment of this xenobiotic. 
